The bacterial community composition of a down-flow sponge-based trickling filter treating upflow anaerobic sludge blanket (UASB) effluent was investigated by pyrosequencing. Bacterial community composition considerably changed along the reactor and over the operational period. The dominant phyla detected were Proteobacteria, Verrucomicrobia, and Planctomycetes. The abundance of denitrifiers decreased from the top to the bottom and it was consistent with the organic matter concentration gradients. At lower loadings (organic and nitrogen loading rates), the abundance of anammox bacteria was higher than that of the ammonium-oxidizing bacteria in the upper portion of the reactor, suggesting that aerobic and anaerobic ammonium oxidation occurred. Nitrification occurred in all the compartments, while anammox bacteria prominently appeared even in the presence of high organic carbon to ammonia ratios (around 1.0-2.0 gCOD gN À1 ). The results suggest that denitrifiers, nitrifiers, and anammox bacteria coexisted in the reactor; thus, different metabolic pathways were involved in ammonium removal in the post-UASB reactor sponge-based.
INTRODUCTION
The upflow anaerobic sludge blanket (UASB) reactor has been one of the most widely used technologies for domestic wastewater treatment in Brazil, and the trickling filter (TF) is a successful alternative for the post-treatment of anaerobic effluents. The combination of UASB and TF systems (UASB/TF) presents good efficiency for organic matter removal, very low energy consumption, and operational simplicity (Chong et al. ) . Therefore, it has been indicated as a potential technology for wastewater treatment in developing countries.
Limitations of TFs include the need for controlling the sludge residence time (SRT) and maintenance of slow-growing micro-organisms, a key factor in achieving stable nitrification. To provide larger SRTs and enhancements in carbon and nitrogen (NH þ 4 ÀN) removal in TF post-UASB reactors, a sponge-based packing medium has been developed (Almeida et al. ) . Despite the technological advances for TF post-UASB reactors, the knowledge concerning bacterial communities linked to nitrogen transformations in sponge-based reactors is still limited but is important for the understanding of nitrogen-removal pathways in TF post-UASB reactors.
This study investigated the bacterial community composition developed in different heights of the sponge-based TF in two distinct periods using pyrosequencing. The identity and roles of the microorganisms involved in the nitrogen transformations presented in the study aimed to contribute to new insights for further applications of sponge-based reactors in process engineering.
TF was monitored over 350 days after the start-up period (around 100 days). The physical and operating characteristics are shown in Table 1 . The UASB-TF system was fed with pre-treated municipal wastewater (post-preliminary treatment) taken from a full-scale wastewater treatment plant (Belo Horizonte, Brazil). The TF was a naturally ventilated biotower with four sequential vertical compartments filled with a sponge-based packing medium (see a detailed description of the experimental apparatus in Almeida et al. ) . The UASB reactor was operated at a flow rate around 45 m 3 d À1 , and the TFs were operated at a constant flow rate of 4.5 m 3 d À1 .
Organic and nitrogen loading rates applied to the sponge-based reactors Two operational periods were defined in terms of organic loading rate (OLR) (median values): 0.45 kgCOD m À3 d À1 and 0.37 kgCOD m À3 d À1 for periods 1 (100-200th day) and 2 (304-446th day), respectively. Because our focus was on ammonia removal in the TFs while operating the UASB/TF without secondary settlers, we applied a relatively low OLR (based on reactor volume). The nitrogen loading rate (NLR) applied during periods 1 and 2 varied from 0.14 to 0.20 kg N m À3 d À1 . The variations of OLRs and NLRs are the result of changes in chemical oxygen demand (COD) and N concentrations over the periods.
System monitoring and sampling

Liquid-phase sampling
We sampled the UASB effluent, the TF effluent and raw sewage for the analysis of COD, dissolved oxygen (DO) (on site; grab samples), ammonium, nitrite, nitrate, and alkalinity (as CaCO 3 ). Composite samples were taken over a 24hour period and stored at 4 W C during the sampling period.
For the profiles of soluble COD, ammonium, and alkalinity grab samples were taken over 3 hours. All analyses were performed according to Standard Methods (APHA et al. ). DO was measured with a portable multi-parameter multimeter (model HQ40d, Hach Company, USA).
Biomass sampling
Pieces of polyurethane foam were sampled in the four compartments of the TF in operational period 1 (higher loading rates), and at two depths (top and bottom) in operational period 2 (lower loading rates). We extracted the biomass from the sponges by squeezing and washing several times with phosphate-buffered saline solution (0.13 M NaCl, 0.7 mM Na 2 HPO 4 , 0.3 mM NaH 2 PO 4 , pH 7.2) until the material was clean. The suspension containing the biomass was centrifuged at 4,000 rpm for 15 minutes and the pellet was recovered. Biomass samples for molecular analysis were immediately stored at À20 W C until DNA extraction.
DNA extraction and purification
DNA was extracted from 0.5 g of frozen biomass sample using phenol, chloroform, and isoamyl alcohol, performed according to Egli et al. () . The extracted DNA was purified using the Wizard DNA Kit Clean-Up System (Promega, Madison, WI, USA) and stored at À20 W C.
Pyrosequencing
Purified DNA was analyzed by pyrosequencing to determine the microbial communities present in the sludge samples collected from the TF. Pyrosequencing was performed using a Roche Genome Sequencer FLX Titanium system (at the Institute for Agrobiology Rosario -INDEAR, Rosario, Argentina). The 16S rRNA genes (V4 region) were amplified with primer set 563F (CACGACGTTGTAAAACGACAYTGGGYD TAAAGNG) and 802R (CAGGAAACAGCTATGACC).
Sequences were analyzed using the Quantitative Insights into Microbial Ecology (QIIME) software. Operational taxonomic 
RESULTS AND DISCUSSION
Performance and concentration profiles for soluble compounds
The ammonium and soluble COD concentrations for the two operational periods investigated showed that the loadings (OLR and NLR) were significantly higher in period 1 (Kruskal-Wallis test, α ¼ 5%). The ammonium removal increased from periods 1 (81%) to 2 (94%), and the soluble COD removal exhibited a similar trend, increasing from 55 to 70%. The general trends for the concentration gradients of soluble COD, nitrogen species (NH þ 4 -N and NO À 3 -N) and DO along the sponge-based TF are depicted in Figure 1 . Soluble COD concentrations decreased from top to bottom in the reactor, as was also observed for NH 4 þ -N concentrations. As expected, the high activity of nitrifiers led to a high concentration of NO À 3 -N and high consumption of alkalinity. Very low nitrite concentrations were detected ( ∼ 0.2 mg L À1 ). Anammox bacteria and/or denitrifying organisms probably played a role in NO À 2 -N utilization, as discussed in a later section.
Bacterial community composition
Pyrosequencing of the samples yielded 18,887 highquality sequences. The most abundant phyla were Proteobacteria, Verrucomicrobia and Planctomycetes. These three phyla accounted for more than 77% of the total reads in the samples analyzed. Other dominant phyla accounted for 1.6-5% of the total reads, including Acidobacteria, Firmicutes, Actinobacteria, Chloroflexi, Gemmatimonadetes, and Bacteroidetes. Alphaproteobacteria (23.0 ± 5.8%), Gammaproteobacteria (13.4 ± 5.3), Betaproteobacteria (4.5 ± 1.6%), and Deltaproteobacteria (2.2 ± 1.3%) classes dominated in the phylum Proteobacteria.
The composition of the bacterial community differed between the samples taken from the top and the bottom of the TF, as well as between the two operational periods (Figure 2) . Some groups, such as Verrucomicrobia, increased in abundance from top to bottom in the reactor, while they decreased in abundance over the operational period. Phyla WS1, WS3, and Chloroflexi slightly increased in abundance at lower loading rates (period 2). The observed ecological selection could be attributed to changes in organic and nitrogen loadings over the operational period and along the reactor.
More than 80% of the Verrucomicrobia sequences belong to order Pedosphaerales (subdivision 3), which includes saccharolytic aerobic cocci that are abundant in soil (Krieg et al. ) . The increase in anaerobic and anoxic niches within the sponges could be a factor for the reduction in Verrucomicrobia over the operational period. Some studies report that these micro-organisms are K-strategists (Noll et al. ) . These findings are in agreement with the very low loading rates (gCOD gVSS À1 d À1 ) generally observed in post-UASB sponge-based reactors (Almeida et al. ; Onodera et al.
).
Chloroflexi are chemo-organotrophic organisms typically detected in various natural and artificial ecosystems These organisms have the ability to metabolize products of bacterial lysis and thus probably other macromolecules (e.g., slowly biodegradable microbial products) provided by the larger SRT within the sponges. Hence, the increase in abundance of Chloroflexi could be linked to the reduction in OLR (lower ratio of COD to volatile suspended solids (VSS)) and the emergence of anoxic conditions provided by the increase in biomass concentration.
Planctomycetes comprises facultative aerobic bacteria and anaerobic organisms involved in ammonium oxidation (anammox), usually found in freshwater and marine habitats, as well as non-aquatic environments (soil and sewage sludge) (Krieg et al. ) . The larger SRT provided by the retention in pores appears to be a potential strategy for retaining these organisms within the reactor.
The most dominant phyla detected in raw sewage have been Bacteroidetes and Firmicutes (Ma et al. ), which include bacteria frequently observed in the human intestinal microbiota (Eckburg et al. ) . However, in this study, the dominant phyla were Proteobacteria, Verrucomicrobia, and Planctomycetes, indicating significant changes in the bacterial community throughout the UASB/TF system.
Nitrifying organisms and anammox bacteria
Pyrosequencing results showed that sequences classified as nitrifying and anammox bacteria were present in low abundance (Figure 3(a) ). Ammonium-and nitrite-oxidizing bacteria (AOB and NOB, respectively) were detected in all compartments of the reactor but in variable proportions. Within the AOB, reads classified within the family Nitrosomonadaceae accounted for 0.5-2.0% of the total reads, and were more abundant in the second and third compartments of the TF. Similar results were found by Kubota et al. () in a sponge-based TF post-UASB reactor. Regarding the NOB, reads classified within the genus Nitrospira were detected at low abundance but increased in the lower compartments of the reactor (Figure 3(a) ).
Anammox reads (Candidatus 'Brocadia') were detected in lower compartments at higher OLR (period 1) and at the top of the reactor at lower OLR (period 2). At lower loadings the abundance of anammox reads were higher than the AOB reads at the top of the reactor (Figure 3(a) ), suggesting that aerobic and anaerobic ammonium oxidation processes occurred, even with elevated COD/N ratios (approximately 2.0 gCOD gN À1 ).
Recent studies have observed the coexistence of anammox bacteria and heterotrophs at higher COD/N ratios at short-term (Sánchez-Guillén et al. ) and long-term operation (Jenni et al. ) . The results of this study reinforce these findings, indicating a possibility for the application of anammox-process post-UASB reactors. Moreover, UASB effluents have considerable amounts of organic matter from biomass (slowly biodegradable COD) (Aquino et al. ), which increase the possibility for anammox bacteria to coexist with heterotrophs under certain operational conditions (e.g., COD/N ratio around 1-2; high SRT). The observed COD/N ratio from Figure 1 was reasonably consistent with an extensive sampling to implement COD and N profiles along the whole experimental period (data not shown).
Several factors could explain the successful selection and enrichment of anammox bacteria over AOB. First, the long operational period (>1 year) and the large SRT (80-130 days) provide suitable conditions for slow-growers. Second, the anoxic niches occur within the sponges due to oxygen consumption at the outer portion of the support material. Third, the affinity of anammox bacteria for NH þ 4 -N is higher than that of AOB (Garrity et al. ) . Thus, at oxygen-limiting conditions anammox bacteria could coexist with AOB. In period 2, the abundance of anammox bacteria and AOB decreased considerably at lower portions of the TF, probably due to the low concentrations of ammonium and CaCO 3 . The reduction in anammox bacteria might have favored the growth of NOB (Nitrospira), since these bacteria compete for nitrite.
In spite of the high coverage of the new sequencing method applied in this study, the abundance of NOB was very low in contrast to the NO À 2 -N and NO 3 À -N concentrations, and other bacterial groups might be oxidizing nitrite to nitrate. In fact, some sequences retrieved were affiliated with Thermomicrobia, which could be related to Nitrolancetus hollandicus, a nitrite-oxidizing bacterium recently isolated from a nitrifying reactor (Sorokin et al. ) . Another recent discovery was the anaerobic oxidation of nitrite by members of Thiocapsa (order Chromatiales) (Schott et al. ) . Moreover, other unidentified reads within Chromatiales could comprise genera of NOB (Nitrococcus) and AOB (Nitrosococcus).
Characterization of denitrifying bacteria
The main genera identified with known denitrification capabilities are Bradyrhizobium, Roseomonas, Rhodobacter, Candidatus 'Koribacter', Rubrivivax, Rhodoplanes, and Dechloromonas. The community of denitrifying bacteria changed considerably, and decreased in abundance along the reactor and during the operational period (Figure 3(b) ). Bradyrhizobium is one of the most abundant denitrifying bacteria, and this could be because these bacteria are chemo-organotrophic and adapted to oligotrophic conditions (Ishii et al. ) . In addition, the environmental conditions provided by the sponge material (e.g., high capacity to retain substrates, high SRT and HRT) could be key factors simulating soil conditions, where these organisms are typically found (Garrity et al. ) .
Roseomonas was the second most abundant denitrifying bacteria detected. This genus belongs to order Rhodospirillales, which comprises acetic acid bacteria and purple non-sulfur bacteria. The latter can grow anaerobically in the absence of light or in photoheterotrophic conditions, using light as an energy source and organic matter as a carbon source (Garrity et al. ) .
Candidatus 'Koribacter' was also detected at high levels but, unlike the others, its abundance increased at the bottom of the reactor (Figure 3(b) ). This genus belongs to the phylum Acidobacteria, which comprises slow-growing bacteria that are able to utilize a broad spectrum of substrates, including carbohydrates, cellulose, and chitin (Ward et al. ) .
CONCLUSIONS
The sponge-based packing medium produced a strong stratification of the substrates along the length of the reactor, providing an ecological selection of different bacterial groups responsible for removing organic matter, ammonium, and nitrite in the TF. The dominant phyla detected were Proteobacteria, Verrucomicrobia, and Planctomycetes. The low OLR and large SRT provided by sponges led to the development of slow-growing bacteria with oligotrophic characteristics.
The bacterial community composition involved in the nitrogen cycle changed with TF depth and during the operational period. Nitrification occurred in all the compartments, whereas the increase in relative abundance of anammox bacteria occurred in the lower portions of the TF, or when OLR was lower. The anoxic niches within the sponges, the large SRT, and the biodegradability of the UASB effluent were important factors for the coexistence of anammox bacteria and heterotrophs at elevated COD/N ratios.
The results indicate that denitrifiers, nitrifiers, and anammox bacteria coexisted in the TF, and thus different metabolic pathways were involved in ammonium removal in the sponge-based TF post-UASB reactor.
